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Abstract: The precise role of nucleus pulposus cell proliferation in the pathogenesis of 
intervertebral disc degeneration remains to be elucidated. Recent findings have revealed that 
microRNAs, a class of small noncoding RNAs, may regulate cell proliferation in many 
pathological conditions. Here, we showed that miR-21 was significantly upregulated in 
degenerative nucleus pulposus tissues when compared with nucleus pulposus tissues that 
were isolated from patients with idiopathic scoliosis and that miR-lOb levels were associated 
with disc degeneration grade. Moreover, bioinformatics target prediction identified PTEN as 
a putative target of miR-21. miR-21 inhibited PTEN expression by directly targeting the 
3'UTR, and this inhibition was abolished through miR-21 binding site mutations. miR-21 
overexpression stimulated cell proliferation and AKT signaling pathway activation, which 
led to cyclin Dl translation. Additionally, the increase in proliferation and cyclin Dl 
expression induced by miR-21 overexpression was almost completely blocked by 
Ly294002, an AKT inhibitor. Taken together, aberrant miR-21 upregulation in intervertebral 
disc degeneration could target PTEN, which would contribute to abnormal nucleus pulposus 
cell proliferation through derepressing the Akt pathway. Our study also underscores the 
potential of miR-21 and the PTEN/ Akt pathway as novel therapeutic targets in intervertebral 
disc degeneration. 
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1. Introduction 

Chronic low back pain affects >70% of people at some point in their lives, with approximately 10% 
becoming chronically disabled [1,2]. The causes of low back pain are multifactorial, and degenerative 
changes in the intervertebral disc (IVD) can contribute to the development of this pain [3]. The 
pathogenesis of intervertebral disc degenerative (IDD) disease has been ascribed to various etiological 
factors, including genetic predisposition, lifestyle, and aging [4]. However, the underlying cellular and 
molecular mechanisms of IDD need to be elucidated [5]. In this regard, there has been increasing 
evidence that supports a role for the formation of nucleus pulposus (NP) cell clusters and the 
proliferation of fibrocartilaginous tissue in IDD [6,7]. To date, the cause of increased NP cell 
proliferation in IDD remains unclear. 

There is a growing body of evidence that supports the hypothesis that many cellular processes, 
including cell proliferation, apoptosis, and cytokine release, are regulated by a new class of 19-25 
nucleotide, small, non-coding RNAs known as microRNAs (miRNAs) [8-10]. Gene expression of 
mRNAs is controlled by miRNAs through direct targeting, which leads to either translation repression or 
RNA degradation [1 1]. It has been estimated that miRNAs, which constitute only l%-3% of the human 
genome, have the potential to regulate at least 20%-30% of all human genes [12]. miRNAs play crucial 
roles in diverse pathological conditions, including cancer, neurodegeneration, and aging [11,13,14]. 
However, the precise role of miRNAs in the pathogenesis of IDD remains to be elucidated. 

miR-21 is one of the best studied miRNAs, and it is involved in the regulation of cell 
proliferation [15,16]. As a multi-functional miRNA, miR-21 is expressed in diverse tissue 
types [17-19]. The dysregulated expression of miR-21 is associated with malignant diseases, which are 
characterized by uncontrolled cell proliferation [20,21]. miR-21 has also been found to be associated 
with chondrocyte apoptosis, proliferation and cartilage matrix production [22]. Given that miR-21 is a 
crucial regulator of proliferation pathways and disorders characterized by abnormal proliferation, we 
hypothesized that miR-21 might play a role in the process of IDD. To date, only two studies have 
attempted to address the pathogenesis of IDD in relation to miRNAs [23,24]. Accordingly, the aim of 
this study was to investigate the role of miR-21 in IDD and to elucidate its molecular mechanism. 

2. Results and Discussion 

2.1. miR-21 Expression Is Up-Regulated in Degenerative NP Tissues and Correlates with 
Degeneration Grade 

First, we examined whether miR-21 is differentially expressed in human degenerative NP tissues. 
The expression level of miR-21 in four human degenerative NP and normal NP tissues was determined 
using TaqMan real-time PCR. Compared with control tissues, our results demonstrated that the 
expression level of miR-21 was significantly upregulated in degenerative NP tissues (Figure 1A). To 
study the relationship between miR-21 and degenerative NP occurrence, the expression of miR-21 was 
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measured in 50 clinical patients using Taqman real-time PCR. As shown in Table SI and Figure 1, there 
were no significant differences observed between the samples from different herniation types or genders. 
The expression of miR-21 was positively correlated with the disc degeneration grade (r = 0.64, 
p < 0.001) but not with the duration of the symptoms or with the age of the patients. 

Figure 1. The expression of miR-21 in human nucleus pulposus tissues. (A) The expression 
of miR-21 in four degenerative nucleus pulposus tissues and four idiopathic scoliosis 
nucleus pulposus tissues. These degenerative NP tissues exhibited significantly higher 
expression of miR-21 compared to the control; (B and C) TaqMan RT-PCR analysis of 
miR-21 in nucleus pulposus tissue from other 50 patients; (D) The correlation between the 
expression of miR-21 and the disc degeneration grade of the patients. The error bars 
represent SD. ** indicates p < 0.01. 
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2.2. miR-2 1 -Induced NP Cell Proliferation and Cyclin Dl Expression 

Because the expression of miR-21 was associated with the disc degeneration grade of the patients, we 
examined the effects of miR-21 expression on NP cell proliferation. The NP cells were transfected with 
a scrambled control oligo or with a miR-21 mimic; all of the oligos had a high transfection efficiency 
(Figure 2A). A CCK-8 proliferation assay demonstrated that cell proliferation was increased in NO cells 
that were transfected with the miR-21 mimic compared with the scrambled oligo-transfected cells or 
untreated cells (Figure 2B). The proliferative effect of miR-21 was further confirmed by measuring 
cyclin Dl expression. As shown in Figure 2C,D, there was a significant increase in the protein and 
mRNA levels of cyclin D 1 in miR-2 1 mimic-transfected group compared with the control group or the 
untreated group. 
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Figure 2. Overexpression of miR-21 promotes NP cell proliferation. (A) Expression levels 
of miR-21 were examined using real-time PCR for non-transfected cells or after transfection 
of 50 nmol/L of a miR-21 mimic or a scramble control; (B) The growth of NP cells is shown 
for non-transfected cells or after transfection with 50 nmol/L of a miR-21 mimic or a 
scramble control. The growth index was assessed 1, 2, 3 and 4 days post-transfection; 
(C) miR-21 promotes cyclin Dl mRNA expression. NP cells were transfected with 
50 nmol/L of a miR-21 mimic or a scramble control or remained non-transfected. Cyclin Dl 
was detected using real-time PCR; (D) miR-21 promotes cyclin Dl protein expression. NP 
cells were transfected with 50 nmol/L of a miR-21 mimic or a scramble control or remained 
non-transfected. Cyclin D 1 was detected by western blot analysis. GAPDH was detected as a 
loading control. The values are presented as the mean ± SD. Compared with the control, 
*/?<0.05 and *** p < 0.001. 
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2.3. miR-21 Translationally Repressed PTEN 

miRNAs influence biological functions by negatively regulating their target genes. It has been 
reported that PTEN is a direct target of miR-21 in breast carcinoma cells. As predicted by PicTar, there 
was complementarity between miR-21 and the PTEN 3'UTR (Figure 3 A). miR-21 overexpression 
reduced the amount of protein but not the PTEN mRNA levels in NP cells (Figure 3B,D). Next, the 
effect of miR-21 on the translation of PTEN mRNA into protein was assessed using a luciferase reporter 
assay in NP cells (Figure 3C). miR-21 overexpression significantly reduced the luciferase activity of the 
reporter gene in the wild- type, but not mutant, PTEN 3'UTR, indicating that miR-21 directly targeted the 
PTEN 3'UTR. 
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Figure 3. PTEN is a direct target of miR-21. (A) Predicted duplex formation between the 
human PTEN 3'UTR and miR-21. In the upper panel, the sequence alignment of miR-21 
with the binding site of the PTEN 3'UTR is shown. In the lower panel, the sequence of the 
miR-lOb binding site within the PTEN 3'UTR of three species is shown; (B) miR-21 does 
not alter the mRNA level of PTEN, as measured using real-time PCR; (C) The luciferase 
activity of wild-type (WT-UTR) or mutant (MUT-UTR) PTEN is shown; (D) PTEN protein 
expression in NP cells that were transfected with 50 nmol/L of a miR-21 mimic or a 
scramble control or remained non- transfected. The values are presented as the mean ± SD. 
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2.4. miR-21 Induced Cell Proliferation through the Activation of PTEN/AKT Signaling 

The loss of PTEN expression or activity contributes to increased AKT activation and leads to 
subsequent growth and survival in many cell types. As shown in Figure 4A,B, miR-21 overexpression 
led to AKT phosphorylation in NP cells. Additionally, the proliferative role of miR-21 overexpression 
and its effects on the expression of cyclin Dl were largely blocked by, an AKT inhibitor, Ly294002 
(Figure 4C-E). 
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Figure 4. miR-21 induces cell proliferation through an AKT-dependent pathway. 
(A) miR-21 promotes Akt phosphorylation. NP cells were transfected with 50 nmol/L of a 
miR-21 mimic or a scramble control or remained non-transfected. AKT and p-AKT were 
detected by immunoblotting; (B) The proliferative effects of miR-21 overexpression were 
largely blocked by Ly294002, an AKT inhibitor, in NP cells that were transfected for 24 h 
with 50 nmol/L of a miR-21 mimic or a scramble control or remained non-transfected; 
(C) The proliferative effects of miR-21 overexpression were largely blocked by Ly294002, 
an AKT inhibitor, in NP cells that were transfected for 96 h with 50 nmol/L of a miR-21 
mimic or a scramble control or remained non-transfected. The values are presented as the 
mean ± SD; (D) Inhibition of AKT represses the miR-21 -induced expression of cyclin Dl 
protein; (E) The inhibition of AKT represses the miR-21 -induced expression of cyclin Dl 
mRNA. The values are presented as the mean ± SD. Compared with the control, ** p < 0.0 1 . 
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2.5. Discussion 



miRNAs have been demonstrated to play an important role in diverse biological and pathological 
processes [25], including cell growth, differentiation, apoptosis and carcinogenesis. However, the 
potential roles of miRNAs in disc degeneration remain largely uncharacterized. In the current study, 
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miR-21 was found to be upregulated in human degenerative NP tissues when compared with normal NP 
tissues. Moreover, the overexpression of miR-21 increased NP cell proliferation. Mechanistically, the 
overexpression of miR-21 led to increased p-Akt signaling by directly targeting PTEN. Furthermore, the 
proliferative effect and the increased expression of cyclin Dl expression after miR-21 overexpression in 
human NP cells was almost completely blocked by Ly294002, an AKT inhibitor. These findings suggest 
that miR-21 and the PTEN/Akt pathway may potentially be novel therapeutic targets in the treatment 
oflDD. 

miR-21, a well-known miRNA, is most frequently overexpressed in several different types of human 
cancers, and it has been shown to be implicated in multiple cell processes, including cell proliferation, 
apoptosis, and invasion [26,27]. The dramatic upregulation of miR-21 has also been reported in most 
tumor types, including neuroblastoma, lung, breast, colorectal, pancreas, and lymphoma [27-32]. 
However, the level of miR-21 in degenerative NP tissues and its role in the pathogenesis of IDD are 
unknown. In our study, miR-21 levels were significantly increased in tissues from patients with 
degenerative NP, and miR-21 was significantly associated with disc degeneration grade (Figure 1). The 
elevated levels of miR-21 may be due to local inflammation and associated post-trauma reactions in the 
intervertebral disc. Previous studies have shown that miR-21 was upregulated in response to PDGF 
treatment. The precise mechanism of miR-21 overexpression still needs to be elucidated. To further 
study the function of miR-21 in the development of IDD, miR-21 was overexpressed by transfecting a 
miR-21 mimic into NP cells. miR-21 overexpression significantly increased NP cell proliferation 
(Figure 2). Previous studies have shown that NP cell clusters and the proliferation of fibrocartilaginous 
tissue contribute to the development of IDD. These findings suggest that increased NP cell proliferation 
induced by the upregulation of miR-21 may be a possible mechanism in IDD development. 

Previous studies indicated that miR-21 repressed PTEN through translational inhibition and that the 
miR-21 binding site in the PTEN 3'UTR is crucial [21,33]. In agreement with these findings, we found 
that miR-21 interfered with the translation of PTEN without reducing its mRNA level, and the vector 
expressing a mutated PTEN 3'UTR was resistant to miR-21 inhibition in NP cells (Figure 3). Restored 
expression of PTEN also abrogated the induction of NP cell proliferation that was caused by miR-21 
overexpression. Moreover, the regulation of PTEN by miR-21 in NP cells was further corroborated by 
the observation that miR-21 overexpression reduced PTEN protein expression. These findings indicated 
that miR-21 promoted the proliferation of NP cells by directly targeting PTEN. 

PTEN is a key molecule in the development of many diseases because PTEN modulates cell 
proliferation, survival, apoptosis and metabolism via its target molecules, phosphoinositide-3kinase 
(PI3K) and Akt [34]. Previous studies have shown that the loss of PTEN expression or activity 
contributes to increased Akt activation and subsequent growth and survival in many cell types [35]. Our 
data presented in the current study indicate that the overexpression of miR-21 leads to the activation of 
AKT in NP cells. Moreover, the proliferative effects of miR-21 overexpression were largely blocked by 
an AKT inhibitor, Ly294002 (Figure 4). Taken together, our results suggest that the PTEN/AKT 
signaling pathway is an important target of miR-21 in NP cells. 
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3. Experimental Section 

3.1. Ethics Statement 

All of the experimental protocols were approved by the Clinical Research Ethics Committee of the 
Hunan Provincial People's Hospital. Human lumbar IVD samples were obtained from patients 
undergoing discectomy following approval from the Clinical Research Ethics Committee of the Hunan 
Provincial People's Hospital, with fully informed, written consent from the patients. 

3.2. Patients and SAMPLES 

Human lumbar NP specimens were collected from patients with idiopathic scoliosis (n = 4; average 
age 20 ± 1.53, range 18-22 years) and from patients with IDD (n = 54; average age 46.18 ± 7.84, range 
29-56 years). Routine MRI scans of the lumbar spine were taken of these patients before the operation; 
the degree of disc degeneration was graded from the T2-weighted images using a modified Pfirrmann 
classification [36]. 

3.3. Isolation and Primary Culture of Human NP Cells 

NP cells were isolated as previously described [7,37]. The tissue specimens were first washed twice 
with PBS, and the NP was separated from the AF using a stereotaxic microscope, cut into pieces (2-3 mm ), 
and the NP cells were released from the NP tissues by incubation with 0.25 mg/mL type II collagenase 
(Invitrogen, Carlsbad, CA, USA) for 12 h at 37 °C in Dulbecco's modified Eagle medium (DMEM; 
GIBCO, Grand Island, NY, USA). After isolation, the NP cells were resuspended in DMEM containing 
10% FBS (GIBCO), 100 jag/mL streptomycin, 100 U/mL penicillin and 1% L-glutamine and then 
incubated at 37 °C in a humidified atmosphere with 95% (v/v) air and 5% (v/v) CO2. The confluent cells 
were detached by trypsinization, seeded into 35 mm tissue culture dishes in complete culture medium 
(DMEM supplemented with 10% FBS, 100 jag/mL streptomycin and 100 U/mL penicillin), and 
incubated in a 37 °C, 5% CO2 (v/v) environment. The medium was changed every two days. The second 
passage was used for subsequent experiments. 

3.4. Dual Lucif erase Assays 

The NP cells were co-transfected with 0.4 jag of the reporter construct, 0.2 jj,g of the pGL-3 control 
vector, and miR-21 or negative controls. The cells were harvested 24 h post-transfection and assayed 
using a Dual Luciferase Assay (Promega, Wisconsin-Madison, WI, USA) according to the manufacturer's 
instructions. All of the transfection assays were carried out in triplicate. 

3.5. Oligonucleotides, Constructs, and Transfections 

The mimics of miR-21 and the negative controls were purchased from Dharmacon (Chicago, IL, 
USA) and transfected into NP cells using DharmaFECT 2 (Chicago, IL, USA) at a final concentration of 
100 nM. 
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3.6. RNA Isolation, Reverse Transcription and Quantitative RT-PCR 

Total RNA was extracted from the harvested cells and tissues using Trizol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's instruction. Complementary DNAs (cDNAs) of 
the mRNAs were obtained using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and 
oligo(dT)18. For microRNAs, the stem-loop reverse transcription was manufactured according to 
Chen's report. The primers for reverse transcription of the microRNAs, quantitative RT-PCR, and the 
Taqman probes are described in Table S2. Quantitative RT-PCR was conducted in a Bio-Rad (Hercules, 
CA, USA) IQ5 Real-Time PCR system according to the manufacturer's instruction. The data were 
normalized using endogenous GAPDH and U6 snRNA for mRNA and miRNAs, respectively. The 
2"AAct memo( j was use( j f or tne ana iy S i s 0 f the PCR data. 

3.7. Western Blotting 

Western blot analysis was conducted using standard methods. Proteins were separated on a 10% 
SDS-PAGE gel and then transferred to PVDF membranes (Amersham, Buckinghamshire, UK). The 
membranes were blocked overnight using 5% non-fat dried milk and incubated for 2 h with an 
anti-PTEN antibody (Abeam, Cambridge, UK; 1:1000), anti-AKT antibody (Bioworlde, Minneapolis, 
MN, USA; 1:1000), anti-p-AKT antibody (Bioworlde, Minneapolis, MN, USA; 1:1000), or 
anti-GAPDH antibody (Proteintech, Chicago, IL, USA; 1:50,000). After washing with TBST (10 mM 
Tris, pH 8.0, 150 mM NaCl, and 0.1% Tween20), the membranes were incubated for 2 h with a goat 
anti-rabbit antibody (ZSGB-BIO, Beijing, China; 1:5000 or 1:50,000). 

3.8. Cell Proliferation 

Cells were re-seeded into 96-well plates at a density of 10,000 cells per well after transfection or 
infection for 12 h. Cell viability was measured every 24 h by adding 10% CCK-8 (DOJINDO, Tokyo, 
Japan) and incubating at 37 °C for 3 h. The optical density was read at 450 nm using a microplate 
spectrophotometer. Each experiment was performed in triplicate. 

3.9. Statistical Analysis 

Statistical analyses were performed using the SPSS 17.0 statistical software program (17.0; IBM, 
Chicago, IL, USA). For the human studies, the Kruskal-Wallis test was used to assess the difference in 
expression of miR-21 in disc specimens from different herniation types, and an independent Z-test was 
used to assess the difference between specimens from different genders. The correlation between the 
expression of miR-21 and the age and BMI of the patients was determined by Pearson's test. The 
difference between the expression of miR-21 and the duration of the symptoms was determined by 
Spearman's test. The data were expressed as the mean ± SD. Western blot results were normalized using 
GAPDH. Independent experiments were performed twice. Statistical analysis was performed using 
Student's Mest. p values less than 0.05 were considered statistically significant. 
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4. Conclusions 

Our data suggests that miR-21 is overexpressed in human degenerative NP tissues and that its level is 
positively associated with disc degeneration grade. In addition, miR-21 overexpression increased NP 
cell proliferation by targeting PTEN, which derepressed Akt signaling. These results have shed new light 
on the role of miR-21 in the pathogenesis of IDD, and identified novel therapeutic targets for inhibiting 
abnormal NP cell proliferation in IDD. 
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